A quantum repeater at telecommunications wavelengths with long-lived atomic memory is proposed, and its critical elements are experimentally demonstrated using a cold atomic ensemble. Via atomic cascade emission, an entangled pair of 1:53 m and 780 nm photons is generated. The former is ideal for long-distance quantum communication, and the latter is naturally suited for mapping to a long-lived atomic memory. Together with our previous demonstration of photonic-to-atomic qubit conversion, both of the essential elements for the proposed telecommunications quantum repeater have now been realized. DOI: 10.1103/PhysRevLett.96.093604 PACS numbers: 42.50.Dv, 03.65.Ud, 03.67.Hk A quantum network would use the resources of distributed quantum-mechanical entanglement, thus far largely untapped, for the communication and processing of information via qubits [1, 2] . Significant advances in the generation, distribution, and storage of qubit entanglement have been made using laser manipulation of atomic ensembles, including atom-photon entanglement and matterlight qubit conversion [3] , Bell inequality violation between a collective atomic qubit and a photon [4] , and light-matter qubit conversion and entanglement of remote atomic qubits [5] . In each of these works, photonic qubits were generated in the near-infrared spectral region. In related developments, entanglement of an ultraviolet photon with a trapped ion [6] and of a near-infrared photon with a single trapped atom [7] have been demonstrated. Heterogeneous quantum network schemes that combine single-atom and collective atomic qubits are being actively pursued [8] . However, photons in the ultraviolet to the near-infrared range are not suited for long-distance transmission over optical fibers due to high losses.
A quantum repeater at telecommunications wavelengths with long-lived atomic memory is proposed, and its critical elements are experimentally demonstrated using a cold atomic ensemble. Via atomic cascade emission, an entangled pair of 1:53 m and 780 nm photons is generated. The former is ideal for long-distance quantum communication, and the latter is naturally suited for mapping to a long-lived atomic memory. Together with our previous demonstration of photonic-to-atomic qubit conversion, both of the essential elements for the proposed telecommunications quantum repeater have now been realized. DOI A quantum network would use the resources of distributed quantum-mechanical entanglement, thus far largely untapped, for the communication and processing of information via qubits [1, 2] . Significant advances in the generation, distribution, and storage of qubit entanglement have been made using laser manipulation of atomic ensembles, including atom-photon entanglement and matterlight qubit conversion [3] , Bell inequality violation between a collective atomic qubit and a photon [4] , and light-matter qubit conversion and entanglement of remote atomic qubits [5] . In each of these works, photonic qubits were generated in the near-infrared spectral region. In related developments, entanglement of an ultraviolet photon with a trapped ion [6] and of a near-infrared photon with a single trapped atom [7] have been demonstrated. Heterogeneous quantum network schemes that combine single-atom and collective atomic qubits are being actively pursued [8] . However, photons in the ultraviolet to the near-infrared range are not suited for long-distance transmission over optical fibers due to high losses.
In this Letter, we propose a telecommunications wavelength quantum repeater based on cascade atomic transitions in either (1) a single atom or (2) an atomic ensemble. We will first discuss the latter case, with particular reference to alkali metals. Such ensembles, with long-lived ground level coherences can be prepared in either the solid [9] or gas [4] phase. For concreteness, we consider a cold atomic vapor confined in high vacuum. The cascade transitions may be chosen so that the photon (signal) emitted on the upper arm has telecommunication range wavelength, while the second photon (idler), emitted to the atomic ground state, is naturally suited for mapping into atomic memory. Experimentally, we demonstrate phase-matched cascade emission in an ensemble of cold rubidium atoms using two different cascades: (a) at the signal wavelength s 776 nm, via the 5s 1=2 ! 5d 5=2 two-photon excitation; (b) at s 1:53 m, via the 5s 1=2 ! 4d 5=2 two-photon excitation. We observe polarization entanglement of the emitted photon pairs and superradiant temporal profiles of the idler field in both cases.
We now describe our approach in detail and at the end we will summarize an alternative protocol for single atoms.
Step (A).-As illustrated in Fig. 1(a) , the atomic sample is prepared in level jai, e.g., by means of optical pumping. For an atomic ensemble qubit, an incoherent mixture of Zeeman states can be sufficient [4] . The upper level jdi, which may be of either s or d type, can be excited either by one-or two-photon transitions, the latter through an intermediate level jci. The advantage of two-photon excitation is that it allows for noncollinear phase matching of signal and idler photons; single-photon excitation is forbidden in electric dipole approximation and phase-matched emission is restricted to a collinear geometry (this argument implicitly assumes that the refractive index of the vapor is approximately unity). Ideally the excitation is two-photon detuned from the upper level jdi, creating a virtual excitation. . P 1 and P 2 are polarizers; D1 and D2 are detectors.
Step (B).-Scattering via the upper level jdi to ground level jai through the intermediate level jei (where jei may coincide with jci) results in the cascaded emission of signal and idler fields. The signal field, which is emitted on the upper arm, has a temporal profile identical to that of the laser excitation as a consequence of the large two-photon detuning. As noted earlier, the wavelength of this field lies in the 1:1-1:6 m range, depending on the alkali-metal transition used. The signal field can be coupled to an optical fiber (which may have losses as low as 0:2 dB=km) and transmitted to a remote location.
The temporal profile of the idler field can be much shorter than the single-atom spontaneous decay time t s of the intermediate level. Under the conditions of a large Fresnel number of the exciting laser fields, the decay time is of order t s =d th , characteristic of superradiance [10, 11] . Here d th 3n
2 l=8 is the optical thickness, where is the wavelength, n is the number density, and l is the length of the sample.
The direction of the idler field is determined by the phase matching conditionk 1 k 2 k s k i , wherek 1 andk 2 are the wave vectors of the laser fields I and II, respectively. Under conditions of phase matching, collective enhancement causes emission of the idler photon correlated with a return of the atom into the Zeeman state from which it originated [4] . The fact that the atom begins and ends the absorption-emission cycle in the same state is essential for strong signal-idler polarization correlations. The reduced density operator for the field, taking into account collective enhancement, was derived in Ref. [12] :
where vac is the vacuum state of the field,Â y 2 t is a timedependent two-photon creation operator for the signal and idler fields, and 1. For linearly polarized pumps with parallel (vertical) polarizations, we find in the long-time limitÂ 
where is determined by Clebsch-Gordan coupling coefficients [12] ,â y HV andb y HV are creation operators for a horizontally (vertically) polarized signal and idler photon, respectively. For the hyperfine level configuration F a 3 ! F c 4 F e ! F d 5, and for an unpolarized atomic sample, we find sin 2 cos 2= 5 p .
Step (C).-The photonic qubit is encoded in the idler field polarization. Photonic-to-atomic qubit conversion was achieved in Ref. [5] . Such conversion can be performed either within the same ensemble or in a suitably prepared adjacent ensemble or pair of ensembles. In either case, a strong laser control beam is required to couple the other ground hyperfine level jbi to the intermediate level jei. Collective excitations involving two orthogonal hyperfine coherences serve as the logical states of the atomic qubit [3] [4] [5] .
Experiment. -We observe phase-matched cascade emission of entangled photon pairs, using samples of cold 85 Rb atoms, for two different atomic cascades: (a) at s 776 nm, via the 5s 1=2 ! 5d 5=2 two-photon excitation; (b) at s 1:53 m, via the 5s 1=2 ! 4d 5=2 two-photon excitation. The investigations are carried out in two different laboratories using similar setups, Fig. 1(b) . [5] .
The trapping and cooling light as well as the quadrupole magnetic field of the MOT are switched off for the 2 ms duration of the measurement. The ambient magnetic field is compensated by three pairs of Helmholtz coils. Counterpropagating pumps I (at 780 nm) and II (at 776 nm or 1:53 m), tuned to two-photon resonance for the jai ! jdi transition are focused into the MOT using the off-axis, counterpropagating geometry of Harris and co-workers [13] . This two-photon excitation induces phase-matched signal and idler emission.
With quasi-cw pump fields, we perform photoelectric coincidence detection of the signal and idler fields. The latter are directed onto single-photon detectors D1 and D2. For s 1:53 m, the signal field is coupled into 100 m of single-mode fiber, and detector D1 [cooled (In,Ga)As photon counting module] is gated using the output pulse of silicon detector D2. The delay between the electronic pulses from D1 and D2 is determined with 1 ns time resolution.
We measure the stationary signal-idler intensity correlation function G si hT :Î s tÎ i t :i, where the notation T : denotes time and normal ordering of operators, andÎ s andÎ i are the signal and idler intensity operators, respectively [11] . Results for (a) s 776 nm and (b) s 1:53 m are presented in Figs. 2 and 3 , respectively. In particular, the measured correlation functions are shown in Figs. 2(a), 2(b), and 3(a) . The correlation function shown in Fig. 2(a) exhibits quantum beats due to the two different hyperfine components of the 5p 3=2 level [14] . The correlation times are consistent with superradiant scaling t s =d th , Fig. 2(c) , where t s 27 ns for the 5p 3=2 level [10] .
In order to investigate polarization correlations of the signal and idler fields, they are passed through polarizers P 1 (set at angle s ) and P 2 (set at angle i ), respectively, as shown in Fig. 1(b) . We integrate the time-resolved counting rate over a window T centered at the maximum of the signal-idler intensity correlation function G si , with (a) T 6 ns for s 776 nm, and (b) T 1 ns for s 1:53 m. The resulting signal-idler coincidence rate PRL 96, 093604 (2006) P Table I . We find (a) S 2:185 0:025 for s 776 nm, and (b) S 2:132 0:036 for s 1:53 m, consistent with polarization entanglement of signal and idler fields in both cases. The entangled twophoton state of Eqs. (1) and (2), for sin 2= 5 p , has a substantial degree of asymmetry. If oppositely, circularly, polarized pumps I and II were used, the corresponding twophoton state would be symmetric with sin cos 1= 2 p [12] . The quantum repeater protocol involves sequential entanglement swapping via Hong-Ou-Mandel (HOM) interference followed by coincidence detection [2, 11] . Highvisibility HOM interference requires that the signal and idler photon wave packets have no entanglement in the time or frequency domains [17] . This may be achieved with excitation pulses that are far detuned from two-photon resonance and with pulse lengths much shorter than the superradiant emission time t s =d th of level jei.
H Y S I C A L R E V I E W L E T T E R S
The idler field qubit is naturally suited for conversion into an atomic qubit encoded into the collective hyperfine coherence of levels jai j5s 1=2 ; F 3i and jbi j5s 1=2 ; F 2i. To perform such conversion, either the same or another similar ensemble or pair of ensembles could be employed [5] . A time-dependent control laser field resonant on the jbi j5s 1=2 ; F 2i $ jei j5p 3=2 ; F 3i transition could selectively convert one of the two frequency components of the idler field, shown in Fig. 2(a) , into a collective atomic qubit. Pulsed excitation should be used in order to enable the synchronization of the idler qubit and the control laser. Numerical simulations show that light conversion and subsequent retrieval can be done with good efficiency for moderate optical thicknesses (Fig. 4) , even though the idler field temporal profile is shorter than those employed in Ref. [5] (compare with Fig. 3 in Ref. [18] ). In order to convert a qubit, one could either optically pump the atoms into an m 0 Zeeman state [5] , or employ a distinct ensemble for each of the polarization components of the idler field [3] .
The basic protocols we have outlined can also be applied to single alkali atom emitters. Similar cascade decays in single atoms were used in early experiments demonstrating violation of local realism [19] and single-photon generation [20] . For alkali-metal atoms, it is necessary to optically pump the atom into a single Zeeman state, e.g., m 0, of level jai. A virtual excitation of a single Zeeman state of level jdi is created with short laser pulses. Coherent Raman scattering to level jei results in atom-photon polarization entanglement. In order to prevent spontaneous decay of the level jei, a control field pulse is applied immediately after the application of the two-photon excitation, transferring the atomic qubit into the ground state where it could live for a long time. It is important that the -pulse duration is shorter than the spontaneous lifetime of level jei. Two-photon interference and photoelectric detection of signal photons produced by two remote single-atom nodes would result in entanglement of these remote atomic qubits [21] . Qubit detection for single atoms can be achieved with nearly unit efficiency and in a time as short as 50 s [6] . Such high efficiency and speed lead to the possibility of a loophole-free test of Bell's inequality, for atoms separated by about 30 kilometers. Cascaded entanglement swapping between successive pairs of remote entangled atomic qubits may be achieved via local coupling of one of the atoms from the first pair and its neighboring partner from the following pair [22] .
We also point out that the cascade level scheme employed here can be used to convert a telecommunications photon into a near-infrared photon using four-wave mixing. This could potentially be useful because single-photon detectors for the visible and near-infrared currently have much higher quantum efficiency, and much lower dark count probability than practically viable [e.g., (In,Ga)As] detectors used at telecommunication wavelengths.
In summary, we have proposed a practical telecommunication quantum repeater scheme based on cascade transitions in alkali-metal atoms. We have generated entanglement of a pair of 1:53 m and 780 nm photons using an ensemble of ultracold rubidium atoms. Combined with our recent demonstration of light-to-matter qubit conversion [5] , key steps of our proposal have been taken. It is now necessary to focus on increased atomic memory lifetimes as these represent a limiting factor in longdistance quantum communication .FIG. 4 (color online) . Efficiency of storage and subsequent retrieval of a coherent idler field with decay time of 6 ns in an auxiliary atomic ensemble, obtained by numerical integration of the Maxwell-Bloch equations [12, 18, 23] . This efficiency is independent of the storage time as long as the latter is much shorter than the atomic memory time. The control field Rabi frequency is chosen to be 3=t s , and is turned off smoothly between 10 and 30 ns after the idler enters the auxiliary ensemble. For these parameters the maximum efficiency is limited since the spectral width of the idler pulse is much wider than the transparency window. However, increased storage efficiency is found using larger control field intensities [12] .
